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Abstract

This research presents a compact four-element Ultra-Wideband (UWB) MIMO antenna for indoor wireless applications.
The dimensions of the antenna being suggested are 40 x 40 x 1.6 mm?, which consists of U-slotted circular radiator with
50 Q microstrip feed line and optimized ground plane that have a slight edge cut. The top side of the substrate consists of
four elements that are orthogonally placed, and the bottom side of the substrate consists of optimized ground planes. The
designed antenna operating at 3.1- 13 GHz for indoor applications. Further, MIMO antenna characteristics parameters like
ECC < 0.004, TARC < -30 dB, Diversity Gain (DG) of almost 9.99 dB, CCL below 0.4 bits/Hz/sec have been analyzed.
Further, the designed four port UWB antenna was validated for transmitting and receiving signal strength using NI USRP
to verify the performance in an indoor environment real time.
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1. Introduction

The need for fast wireless communication has prompted the
development of diverse antenna technologies. In particular,
ultra- wideband (UWB) technology has gained interest due to
its ability to transmit data at high rates over short distances.
The FCC’s authorization of the unlicensed frequency band
has increased the appeal of UWB technology in various
wireless applications, making it a popular area of research
among many professionals [1-2]. However, UWB technology
operates in a frequency range that is shared with other
wireless technologies, such as Wi- Fi and Bluetooth, which
can cause interference and multi path fading.

To exploit the spatial diversity and multiplexing gains of
the wireless channel, MIMO uses numerous antennas at both
the transmitting and receiving ends. Antenna design is
important in MIMO systems, as the antennas must be able to
efficiently transmit and receive signals in a highly complex
and dynamic environment. Therefore, there is a growing
interest in the development of MIMO antenna technologies
that can provide reliable and high-quality wireless
communication.

In [3] the authors proposes a two-port UWB-MIMO
antenna design for use in wireless communication systems.
The antenna design is based on a modified circular monopole
structure with a dual band-notched characteristic. The two
notched bands lie at 3.5 GHz and 5.5 GHz, which are
commonly used for WiMAX and WLAN applications,
respectively. The suggested antenna has a total size of 20 x 20
mm?>. In [4] the article presents a unique four-port MIMO
antenna for multi-standard automotive communications. The
antenna design has two layers of PCB, with a decoupling
structure and a switched feeding network that allows for
reconfigurability in multiple frequency bands. In [5] the

*E-mail address: saminatt@srmist.edu.in
ISSN: 1791-2377 © 2024 School of Science, DUTH. All rights reserved.
doi:10.25103/jestr.176.09

author proposes a unique MIMO antenna layout of size 39 x
39 x 1.6 mm?, that can be used in Ultra-wideband (UWB)
applications. The antenna includes two square-slotted circular
patches with a Defected Ground Structure (DGS) to reduce
cross-coupling between the antennas. The UWB MIMO
antenna employs four semi-angle radiator designs, as well as
radiating elements with low mutational coupling and
orthogonal positioning [6]. The Substrate Integrated Wave
guide (SIW) technique is employed with a four-semi circle
shaped UWB antenna [7]. In [8] the study introduces and
explores a very small UWB-MIMO antenna with four
rejected bands. Four bands are segregated by etching the
radiators with four pairs of in-proportion L-shaped slots. In
[9] this article presents a small, UWB-MIMO antenna that has
two ports. The proposed antenna has an optimal dimension of
20 x 20 mm?. The suggested antenna offers mutual coupling
of less than 25 dB, extended UWB bandwidth of 2-12 GHz.
In [10] this research presents a dual band-notched compact
two-port MIMO antenna of size 19 x 30 x 0.8 mm® overall
operating in the UWB frequency range. Two identical
radiating elements with an attached ground plane are arranged
next to one another to form the MIMO antenna. The 90 x 90
x 1.6 mm’® size ring-shaped radiator with less coupling in
between each other for UWB/5G/WLAN band IoT
applications [11]. In order to improve isolation be- tween the
radiators used a metal or dielectric periodic structure called
the EBG configuration has band pass/stop properties and
offers strong radiating element isolation [12-15].
Additionally, the geometric correction and additional
structures such as parasitic element [16], neutralization line
[17], short circuit pin [18], loading slot [19], meta material
[20-24] are used to improve the isolation. From the literature
survey, the various UWB antenna designs having a relatively
large size and improved isolation used various techniques
such as decoupling structure, defective ground plane
structure, split ring resonator etc.
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In this work, the designed four-port antenna has a compact
size of 40 x 40 x 1.6 mm?, which consists of U-slotted circular
radiator with feed line and optimized ground plane that have
a slight edge cut. The top side of the substrate consists of four
elements that are orthogonally placed, and the bottom side of
the substrate consists of optimized ground planes.

Features of suggested MIMO Antenna:

* The antenna operates in the frequency band 3.1 - 13 GHz
for indoor applications.

 Further, MIMO antenna characteristics parameters like
ECC< 0.004, TARC< -30dB, Diversity Gain (DG) of al-
most 9.99 dB, and CCL below 0.4 bits/s/Hz have been
analyzed.

* The antenna parameters have shown the antenna as a
strong contender for Indoor applications which has been
verified by USRP 2943R.

2. Antenna Design

2.1 Single element design

The designed ultra-wide-band antenna design is illustrated in
Figure 1. It consists of a U-shaped slotted circular radiator
with a 50 Q feed line on the front side of the substrate, while
the reverse side of the substrate has a partial ground plane
with an optimized slight edge cut. The antenna is built on a
FR4 substrate (er = 4.4, tan, 6 = 0.02) with a height of 1.6
mm. The antenna has dimensions of 16 x 20 mm?, and the
optimized dimensions can be found in Table 1. The following
Equation (1) can be used to calculate the circular radiator at
the lowest operating frequency at 3.1 GHz [25]. The designed
antenna resonates at the range 3.1 - 13 GHz as shown in the
Figure 2. It is illustrated that S;; < -10 dB at the operating
bandwidth.

f=< 150 =3.1GHz

Y = 2 x((mrxb)g+w)
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w

Fig. 1. Designed UWB unit cell
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Fig. 2. Reflection coefficient (Si11) of designed antenna

2.2 Equivalent circuit of UWB antenna

To achieve wideband response in ultra-wideband antennas, a
common approach is to cascade multiple LC resonators
whose resonant frequencies continuously overlap. This
allows for a broader frequency coverage compared to narrow
band antennas, where a single LC resonant circuit is used as
an approximation. By using multiple resonators in cascade,
the antenna can effectively cover a wider range of
frequencies, resulting in a broad-band response. This
approach is commonly used in designing ultra-wideband
antennas to achieve efficient and consistent performance
across a wide frequency range.

Table 1. Dimension of designed antenna

Parameter Dimensions(mm)
L 20
" 16
Ly 6.1
Wy 5
X 4
Y 8
Z 4
S 2.8
T 33
Lg 3.7
r 6.5

Software for applied wave research (AWR) is used, and
the analogous circuit element is shown in Figure 3. The
corresponding circuit’s simulation result carried out in CST
software is, compared to the prototypical simulation proposed
in AWR software. The AWR software is used to create the
antenna equivalent circuit which is the combination of
resistors, inductors, and capacitors which are connected to
each other using a wire and the corresponding values are
mentioned in the below Table 2, after the combined
component values have been used and tuned. It can be
visualized from Figure 4, that the CST and AWR software
results are in good agreement throughout the bandwidth [26].
The capacitance and inductance are calculated using
Equations (2), (3) and (4).

I = img(Z11) 2
= 2
1
= 3
f (2 VL0) ©)
1
= 4
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& Ri Rz Rs Ra
s =35.9
L1 L2 L3 La
D i i i i
C1 c2 C3 Ca
Input =

port

Fig. 3. Equivalent circuit model of UWB antenna

Table 2. RLC values of UWB antenna

S. No Resistance Inductance | Capacitance
(Ohm) (pH) (pF)

1 R, =198.7 L, =846 C,=7.99

2 R,=88.9 L,=1356 C,=6.75

3 R;=12.62 L;=719 C;=3.01

4 R, =24.39 Ls=76.529 | C;=2.651
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Fig. 4. Reflection coefficient (S11) of UWB antenna compared with
circuit model

2.3 MIMO implementation

The four port UWB MIMO antenna illustrated in Figure 5. It
is perceived that the top side of the FR4 substrate consists of
four elements that are placed orthogonally, and the reverse
side con- sists of partial ground planes. The FR4 substrate is
used which is a common choice for antenna design because it
is not expensive and available. The suggested antenna
structure has dimensions of 40 x 40 mm?. The simulated S-
Parameters of the proposed antenna as illustrated in Figure 6.
It is observed that the reflection coefficient of the designed
antenna S11 < -10 dB at the resonance frequency of 3.1 to 13
GHz. bandwidth. Furthermore, the mutual coupling of the
proposed antenna lies below -18 dB at the entire operating
bandwidth. Hence, the envisioned patch antenna
demonstrates good impedance matching at all ports and high

levels of isolation between ports.
40 mm

40 mm
v
=]
Y =
»
Port-1
9 Port-3
o
3
N

(a) (b)

54
-10
o
T 154 P ol
o X1 ook o L
3 204 \ >~ —d
g / :7* e games
.
o
g 25/ W\ -
- \ %
)
o -30 4 *
-35 -
Sy~ Sp
40 - [F==S4s =<° Sy
T T T T T T T T

3 4 5 6 7 8 9 10 11 12 13
Frequency(GHz)
Fig. 6. S-parameters of the designed antenna

2.4 Surface Current Distribution
The surface current distribution of an antenna can provide
information about the mutual coupling between two antennas.

When two antennas are in close proximity, they can interact
with each other through their near fields, resulting in a mutual
coupling effect. The surface current distribution of an antenna
can show the intensity and direction of the current flowing on
the surface of the antenna. The surface current distribution of
the designed antenna is simulated at 3.4 GHz when port -1 to
port-4 is excited as shown in coupling between the ports.

Figure 7(a)-(d). It is observed that when port -1 is
activated other ports are disabled there is negligible current
flow others ports. Therefore, the proposed antenna has low
mutual GHz.

Fig. 7. Surface current distribution of proposed 4-portMIMO antenna
when port-1 to port-4 excited at 3.4GHz

3. Experimental Results

The designed antenna S-parameters, radiation pattern,
gain, and total efficiency are all detailed here. MIMO
parametric analysis and real-time validation are also
covered in this section.

3.1 S-parameters

The designed four port UWB MIMO antenna fabricated using
FR4 substrate as demonstrated, and the measured S-parameter
using the VNA (vector network analyzer) set-up is shown in
Figure 8. Figure 9 compares the S-parameter values of
measured and simulated results. It was revealed that the S,
lie below - 10dB between at 3.1 to 13 GHz. Further Sy,, S,
and Si4 curves lie below -18 dB throughout the frequency
band. The suggested antenna meets the -18 dB MIMO
criterion which means that the antenna can be effectively used
in MIMO systems to improve the system performance and
radiate signals in a way that minimizes the amount of signal
coupling between them. Therefore, the designed antenna is in
accordance with simulated and measured results.

Back side

(b)
Fig. 8. Fabricated image of suggested UWB MIMO antenna
measured using VNA
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Fig. 9. The simulated Si1 compared with measured S11 result and
measured results of Si2, S13, S14

3.2 Radiation Pattern

The designed 4-port UWB MIMO antenna radiation patterns
are measured using a highly absorbent anechoic chamber as
shown in Figure 10. The E (x-y) and H (y-z) plane of designed
UWB MIMO antenna are obtained at frequencies of 3.4GHz,
5.4 GHz, and 10.5 GHz, which are derived from experimental
and simulated results as illustrated in Figure 11. It is perceived
that the proposed antenna provides a nearly omnidirectional
of co- polarization and cross-polarization radiation patterns of
at the operating frequency. Hence, by observing the simulated
and measured patterns, an omnidirectional behavior of the
antenna can be detected which means uniform signal is
radiated in all directions.

Fig. 10. e‘sined 4-port UWB MIMO antenna under testin anechoic
chamber

180

(d) Y-Z Plane at 3.4 GHz (f) Y-Z Plane at 10.5 GHz

() Y-Z Plane at 5.4 GHz
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Fig. 11. Radiation pattern of designed 4-port UWB MIMO
antenna co-polarization and cross-polarization at 3.4 GHz, 5.4
GHz, 10.5 GHz respectively

3.3 Gain and Total efficiency

The far-field gain and overall efficiency of the designed
MIMO antenna at port 1 are shown Figure 12. It is
perceived that the designed 4-port UWB MIMO at the 3.1-
13 GHz of gain and total efficiency is 1.2 -6 dBi, 70-85 %
respectively. Thus, the designed antenna is very effective
in indoor applications.
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Fig. 12. Measured values of Gain and total efficiency
3.4 MIMO characterization

3.4.1 ECC

The Envelope Correlation Coefficient (ECC) is an estimate of
the correlation among the amplitudes of the signals received
by the distinct antennas in a multiple antenna system. It
indicates the extent to which the signals received by the
different antennas are similar or dissimilar in amplitude. In
practical MIMO systems, a low ECC is desirable, as it
indicates that the signals received by the antennas are
uncorrelated, which can improve the diversity of the system
and reduce interference. A high ECC, on the other hand, can
lead to reduced performance and increased susceptibility to
interference [27]. However, the real time ECC must be <0.5.
The far-field based ECC of the antenna can be calculated
using Equation (5).
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Figure 13 Shows the measured ECC value of the
suggested antenna system. It was observed from the graph
that the ECC remains below 0.004 throughout the operating
bandwidth of 3.1-13 GHz.

3.4.2 DG

The Diversity gain (DG) of a MIMO antenna system refers to
the increase in signal quality or performance that results from
using multiple antennas to transmit and receive signals.
Typically, a system equipped with multiple antennas can
achieve greater diversity gain compared to a system with a
single antenna. This is because the former can capitalize on
the variations in the received signals to enhance the overall
signal strength.

DG =10V1I—ECC? (©6)
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Fig. 13. ECC of proposed UWB MIMO antenna

The antenna’s diversity gain can be calculated using the
Equation (6). Figure 14 illustrated that the designed 4-port
UWB MIMO antenna diversity gain. It is observed that DG is
>9.98 at the entire operating bandwidth.
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Fig. 14. Diversity gain of proposed UWB MIMO antenna

3.4.3 TARC

Total Active Reflection Coefficient (TARC) is an estimate of
the effectiveness of a MIMO antenna system in transmitting
and receiving signals. In a MIMO system, the signals from
each antenna can interfere with each other, leading to reduced
signal quality and performance. TARC is a measure of the
degree of interference between the antennas. The two-port
MIMO antenna can be calculated using the Equation (7)

(5)  TARC = J

(s11+512 €19)2+(s21+522 €/9)? 7
2

Where, 0 lies from 0 to 2m.

In general, a TARC value of less than 0 dB is considered

good. From Figure 15, It can be visualized that the TARC
value lies below -30 dB in the overall ultra-wide bandwidth.
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Fig. 15. TARC of proposed UWB MIMO antenna

344 CCL

In MIMO antenna systems, the ideal value of Channel
Capacity Loss (CCL)is as low as possible, ideally zero, which
would indicate no loss in channel capacity. A low CCL means
that the MIMO system is able to take advantage of the
multiple antennas to mitigate the effects of fading,
interference, and noise, and improve the overall performance
of the communication system. The permissible CCL values
are CCL less than 0.4 bits/sec/Hz. The two-port MIMO
antenna CCL values can be estimated using Equations (8) and

9).

CCL = —log, det[¥R] (8)
r_ (P11 P12
= (§021 ‘Pzz) ©)

The measured value is shown in Figure 16, and from 3 to
13 GHz, the CCL value lies below 0.4 bits/s/Hz.
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Fig. 16. CCL of proposed UWB MIMO antenna

3.5 Housing effect

This section evaluates the proposed performance of a four-
port MIMO antenna in packaging. The antenna is located 10
mm below a copper sheet measurements Ly, X Wi, =40 mm x

70
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40 mm. Figure 17 display the corresponding S-parameters
(reflection coefficients and mutual coupling) of the suggested
antenna. In the near-field region, it is observed that the
suggested antenna maintains UWB performance even when
positioned a copper sheet. Its reliable operation in indoor
applications is thus confirmed by the fact that the copper sheet
has no effect on antenna performance.
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Fig. 17. S-parameters under the copper sheet
3.6 Comparison between existing MIMO antenna
designs.
As shown in Table 3, the developed antenna parameters are
com- pared to previous UWB MIMO antenna works.

* The size of the 4-port UWB MIMO antenna is smaller
than that of [11, 22, 23, 24]

* The mutual coupling of the designed antenna is better than
[8, 11, 23, 24] without use of any decoupling structure.

* The ECC of the designed antenna is lower than most of
the previous works because of higher isolation.

* The proposed antenna has been tested in indoor
applications compared previous works.

3.7 Antenna test in a real-time scenario using USRP inan
indoor environment

The real-time short-range communication performance of the
fabricated antenna was investigated using indoor base
stations. The NI USRP is a versatile tool that can measure the
signal quality of a proposed antenna. The USRP has been
configured using the software LabVIEW to generate and
analyse the signals, enabling the measurement of key
performance metrics such as signal-to-noise ratio, bit error
rate, modulation quality, and signal strength. The
experimental setup consists of two NI USRP connected with
the proposed antenna working as a transmitter and receiver
integrated with the NI LabVIEW 802.11 framework. A
schematic diagram of indoor base station signal transmission
and reception employing the NI USRP 2943R and proposed
UWB MIMO antenna is shown in Figure 18.

Table 3. Comparison between existing MIMO antenna designs ref Antenna size (L x W in mm?)

Ref Antenna size Number of | Operational band Mutual ECC Real time
LxW elements (GHz) Coupling (dB) application
in mm?)

[8] 21x27 2 3-11 <-15 <0.005 No

[9] 20x 20 2 2-12 <-20 <0.005 No

[10] 19x 30 2 3.1-10.6 <-20 <0.13 No

[11] 90 x 90 4 3.1-10.6 <-15 <0.15 No

[22] 94.2x94.2 4 2-12 <-20 <0.1 No

[23] 50 x 40 4 25-14 <-15 <0.04 No

[24] 80x 35 4 2.57-12 <-15 <0.005 No

Proposed 40 x 40 4 3.1-13 <-18 <0.004 Yes

Port-1 (A and E) and port-2 (B and F) of the antenna are
connected as Tx, Port 3 (C and G), and Port 4 (D and H) are
connected with the USRP-1 and USRP-2, as shown in Figure
19. NI USRP is set to trans/receive the signal frequency at 6
GHz. The received signal strength is < -15 dBm, which
indicates that the antenna radiates much stronger than the
minimum signal strength required (-40 dBm) for most
wireless communication applications. The envisioned
antenna is a strong contender for short- range indoor wireless
applications such as Wi-Fi or Bluetooth

Tx and Rx

Lab\new.
— __ —a

)))>
e

=
c
USRP-1

D))

Fig. 18. Schematic diagram of the proposed UWB MIMO antenna in an
indoor environment using USRP
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NI USRP

4. Conclusion

A 4-port MIMO antenna has been developed, simulated, and
examined in real-time using NI USRP in an indoor
environment. The designed antenna consists of four circular
radiators with a U slot with feed lines, and an optimized
ground plane. The envisioned UWB antenna operates in a
frequency band of 3.1 to 13 GHz. Significant antenna features
including S11 lies below -10 dB, mutual coupling (S12, S13,
S14) between the ports < -18 dB, omnidirectional radiation
pattern is attained both co-polarization and cross -
polarization. The MIMO parameters including, ECC < 0.004,
TARC <-30 dB, CCL < 0.4 bits/sec/Hz, and diversity gain of
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almost 10, follow well with the standard values. Overall, the
compact size of antenna is suitable for indoor applications.

This is an Open Access article distributed under the terms of
the Creative Commons Attribution License.
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